Theories of the neurobiology of episodic memory predominantly focus on the contributions of medial temporal lobe structures, based on extensive lesion, electrophysiological, and imaging evidence. Against this backdrop, functional neuroimaging data have unexpectedly implicated left posterior parietal cortex (PPC) in episodic retrieval, revealing distinct activation patterns in PPC subregions as humans make memory-related decisions. To date, theorizing about the functional contributions of PPC has been hampered by the absence of information about the temporal dynamics of PPC activity as retrieval unfolds. Here, we leveraged electrocorticography to examine the temporal profile of high gamma power (HGP) in dorsal PPC subregions as participants made old/new recognition memory decisions. A double dissociation in memory-related HGP was observed, with activity in left intraparietal sulcus (IPS) and left superior parietal lobule (SPL) differing in time and sign for recognized old items (Hits) and correctly rejected novel items (CRs). Specifically, HGP in left IPS increased for Hits 300-700 ms poststimulus onset, and decayed to baseline ∼200 ms preresponse. By contrast, HGP in left SPL increased for CRs early after stimulus onset (200−300 ms) and late in the memory decision (from 700 ms to response). These memory-related effects were unique to left PPC, as they were not observed in right PPC. Finally, memory-related HGP in left IPS and SPL was sufficiently reliable to enable brain-based decoding of the participant's memory state at the single-trial level, using multivariate pattern classification. Collectively, these data provide insights into left PPC temporal dynamics as humans make recognition memory decisions.
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intracranial EEG | declarative memory | decision making | multivariate pattern analysis | ECoG T he ability to remember past events-episodic memory-is known to critically depend on medial temporal lobe (MTL) structures (1, 2) and their interaction with prefrontal cortex (3) . Neuroimaging studies of humans making memory-based decisions, although advancing understanding of MTL and prefrontal mnemonic function (4) (5) (6) (7) (8) , consistently and unexpectedly demonstrate that activity in left lateral posterior parietal cortex (PPC) also varies with episodic memory outcomes (9) (10) (11) (12) (13) (14) . In particular, functional MRI (fMRI) data reveal dissociable effects of memory on activity in left intraparietal sulcus (IPS), superior parietal lobule (SPL), and angular gyrus (AG), wherein activity tracks perceived memory strength, retrieval decision uncertainty, and episodic recollection, respectively (9) (10) (11) (12) (13) (14) . For example, during recognition memory decisions, activity in left lateral IPS is greater during higher confidence hits and monotonically decreases across lower confidence hits to lower confidence correct rejections (CRs) to higher confidence CRs (15) (16) (17) . By contrast, activity in left SPL is greater during lower confidence recognition decisions (for both hits and correct rejections) relative to higher confidence decisions (11, 16, 17) .
Studies of patients with PPC lesions demonstrate a complex pattern of effects on memory, with performance spared on some measures of episodic memory, but impaired as measured by retrieval confidence, memory for source details, and cued recall (18) (19) (20) (21) (22) (23) . For example, a recent study of two patients with bilateral IPS lesions revealed unimpaired recognition memory accuracy, but a reduction in high confidence hits and false alarms relative to matched controls (22) . Importantly, this decline in high confidence recognition decisions was only observed for items perceived as old, and not for items perceived as novel. As with fMRI measures of left lateral IPS activity, these lesion data suggest that the role of IPS in memory varies as a function of whether the test probe is perceived as old or new.
The role of lateral PPC in episodic retrieval is posited to relate to broader (i.e., nonmnemonic) functions. Extant evidence indicates that dorsal PPC is involved in other cognitive domains, such as perceptual decision making (24) (25) (26) (27) (28) . For example, human fMRI studies of two-choice perceptual decisions have demonstrated that IPS activity tracks the strength of perceptual evidence (24, 25) , independent of response modality (25) . A mechanistic interpretation of such activity is that IPS neurons act as evidence accumulators, with a distinct population of IPS neurons accumulating evidence toward each of the two decision bounds. When the evidence reaches one of the bounds, a perceptual decision it thought to be reached. Such results motivated the hypothesis that left IPS might serve as a mnemonic accumulator during old/new recognition decisions (9, 16) .
Significance
Over the past decade, human posterior parietal cortex (PPC) has been unexpectedly implicated in remembering and memory-related decision making. Functional neuroimaging indicates that memory-related responses differ across PPC, and patients with PPC lesions show subtle to significant changes in memory behavior. These surprising observations have motivated novel theorizing, yet current understanding of PPC contributions to memory is limited by the absence of temporal information about activity in PPC subregions as retrieval decisions unfold. In this study, recordings from the human brain show for the first time that distinct temporal and functional profiles of activity are present in PPC subregions as participants make recognition memory decisions. These new findings inform theories of parietal functional contributions to memory, decision making, and attention.
By contrast, SPL is a core component of the dorsal frontoparietal network that implements top-down visual attention (29, 30) . Parallel lines of work in the memory and perception literatures demonstrate that left SPL activity is greater during uncertain memory decisions (17) and uncertain perceptual decisions (31) . Such findings suggest that decision uncertainty, be it in the mnemonic or perceptual realm, results in increased engagement of top-down visual attention to driving inputs (17) .
Although the preceding suggests a possible functional differentiation between IPS and SPL during decision making, an alternative account posits that IPS and SPL activity during retrieval reflects a common attention function (11) . In this view, dorsal PPC retrieval activity is seen as a reflection of top-down attention, acting to maintain retrieval goals and to monitor memory signals that presumably emerge from MTL computations. One challenge for this perspective is the distinct patterns of fMRI blood oxygen level-dependent (BOLD) signal in left IPS and SPL during episodic retrieval (16, 17, 32) .
Theorizing about the distinct memory-related response profiles in dorsal PPC subregions observed with fMRI-that is, in IPS and SPL-has been hampered by the absence of precise information about the temporal dynamics of lateral parietal activity. Although scalp-recorded event-related potentials (ERPs) demonstrate a differential positivity over left parietal cortex as a function of recognition memory (hits > CRs, ∼400-800 ms postretrieval cue onset) (33) , the anatomical source(s) of this parietal "old/new" effect and its relation to the multiple memoryrelated PPC effects observed with fMRI remain unknown. A recent effort to use simultaneous EEG−fMRI to advance understanding of the temporal profile of parietal activity during retrieval did not reveal a link between ERP and fMRI BOLD effects in any lateral parietal region (34) . Importantly, the hypothesis that IPS and SPL subserve distinct computations predicts that these subregions will display different temporal response patterns during memory-based decisions; these patterns promise to directly inform hypotheses about their functional roles. More broadly, understanding the temporal profile of responses in these subregions of PPC during decision making may inform theories of dorsal PPC function across cognitive domains, including perceptual decision making and attention.
A correlate of fMRI BOLD activity is provided by the highfrequency range of local field potentials (LFPs) (35) (36) (37) (38) , which reflects local population activity (39) (40) (41) , providing a means to specify and dissociate the temporal dynamics of memory effects in specific PPC regions. Accordingly, we used electrocorticography (ECoG) to directly record cortical LFPs from human left IPS and SPL while participants made recognition memory decisions. During the encoding phase, participants viewed a series of individually presented nouns, making abstract/concrete judgments on each. Subsequently, participants made old/new recognition judgments about test items, half studied and half novel ( Fig. S1 ; see Materials and Methods). LFPs were recorded in eight participants ( Fig. S2 and Table S1 ) with medication-resistant epilepsy, using subdural grids or strips implanted in left PPC (five participants) or right PPC (control data; three participants).
Results
Univariate Analyses. Using gross anatomical landmarks, electrodes were localized to left IPS or SPL ( Fig. 1A , SI Text, and Fig. S2 ; three participants also had electrodes in left AG). To test for stimulus-locked memory-related changes during retrieval, we quantified the difference in high gamma power (HGP; 80-180 Hz) between Hits (old items correctly recognized with high confidence) and CRs (novel items correctly rejected with high confidence) using the Mann−Whitney U statistic across 100-ms time bins per channel. This resulted in 10 bins ranging from the beginning of retrieval cue presentation to 1 s postretrieval cue onset. The effect of Memory (U score on Hits vs. CRs) on stimuluslocked HGP showed a Time × Region (IPS, SPL) interaction (F (9,621) = 2.32, P = 0.014), indicating that memory-related activity differentially varied across time in left IPS and SPL ( Fig. 1B) . Specifically, in left IPS channels, Memory varied across Time (F (9,315) = 6.58, P = 1.3e-8), revealing greater HGP during Hits than CRs from 300 ms to 700 ms (ts (35) > 3.78, ps < 0.05*, with the "*" indicating Bonferroni corrected; Fig. 1B , Left). Strikingly, during these windows, HGP on CR trials did not differ from baseline (ts (35) < 1.75, ps > 0.05). Left SPL channels also exhibited an effect of Memory that varied across Time (F (9,306) = 6.97, P = 3.7e-9), but, contrary to left IPS, HGP was greater during CRs than Hits both early (200−300 ms; t (34) = 3.33, ps < 0.05*) and late (700−1,000 ms; ts (34) > 3.04, ps < 0.05*). As such, memory-related HGP in left IPS and SPL differed in time and sign over the course of making decisions about items that were correctly recognized as old or new. Importantly, these results held when analyses were performed across participants rather than channels (SI Text and Figs. S3−S5), and Memory × Region dissociations were evident even when averaging across time ( Fig. 1B) .
Further insights into the processes subserved by left IPS and SPL can be obtained by analyzing response-locked data. Here, the analysis window ranged from 1 s preresponse to 200 ms postresponse, with HGP data binned into 100-ms bins for a total of 12 bins; the effects of memory (Hits vs. CRs) were quantified by the U score. Left IPS showed Memory effects that varied across Time (F (11, 385) = 4.44, P = 2.6e-6), whereas SPL showed a strong main effect of Memory but no interaction with Time (t (34) = 3.94, P = 4.0e-4 and F (11,374) = 1.47, P = 0.14, respectively). There was no Time × Region interaction for the response-locked analyses (F (11,759) = 1.56, P = 0.11; but see SI Text for subject-level analyses that revealed a Time × Region interaction). These effects are shown on Fig. 1B , Right, with IPS and SPL clearly showing opposite effects of Memory. Left IPS channels showed greater HGP for Hits than CRs in a preresponse time window (500 m to 200 ms; ts (35) > 3.40, ps < 0.05*), with activity for Hits appearing to fall to baseline ∼200 ms preresponse; HGP for CRs did not deviate from baseline before response (ts (35) < 1.64, ps > 0.11). By contrast, left SPL channels showed above-baseline HGP for CRs throughout the preresponse period (ts (34) > 3.39, ps < 0.05*), with HGP for CRs being greater than for Hits both early (1,000−900 ms and 700-600 ms; ts (34) > 3.08, ps < 0.05*) and from 300 ms preresponse up to the response (ts (34) > 3.27, ps < 0.05*). Again, these results were also evident after averaging across Time (Fig. 1B ). See SI Text and Fig. S6 for the corresponding analyses in AG. The left laterality of memory-related activity in PPC has been reported extensively in the literature; hence we did not expect to observe similar effects in right PPC. A control group of three patients with electrode coverage in the right lateral PPC performed the experiment (see Fig. S2 for electrode coverage, Fig.  S7 for retrieval time courses, and SI Text for additional analyses). Qualitatively, the time courses for Hits and CRs in right PPC did not differ and did not resemble those in left PPC. Quantitatively, we tested the HGP Memory U score in right PPC. On stimuluslocked data, we observed no effect of memory across Time in right IPS (F (9, 198) = 0.65, P = 0.75) or right SPL (F (9,117) = 1.01, P = 0.44). In addition, the Time × Region (right IPS, right SPL) interaction was not significant (F (9,315) = 0.48, P = 0.89). Finally, comparison of effects in the right and left hemispheres revealed a significant Time × Hemisphere interaction (F (9,936) = 2.23, P = 0.02). These observations indicate that stimulus-locked memory effects and memory-related regional dynamics were specific to left PPC. For response-locked data, again we observed no effect of memory across Time in right SPL (F (11,143) = 1.67, P = 0.09). Right IPS did show a Time-varying effect of memory (F (11,242) = 3.07, P = 7.1e-4), but the only significant time windows were postresponse (CRs > Hits, P < 0.05*; Fig. S7 ), with no hint of the signed preresponse memory effect observed in left IPS. As with stimulus-locked analyses, the Time × Region (right IPS, right SPL) interaction was not significant (F (11,385) = 1.17, P = 0.31), and there was a significant Time × Hemisphere interaction (F (11, 1144) = 2.04, P = 0.02). Thus, although asymmetric effects of distal epileptic discharges are difficult to definitively rule out, these results support the a priori prediction that retrieval effects on HGP would be predominantly left-lateralized.
A B
Functional Grouping of Electrodes. The preceding analyses used anatomy-based electrode groupings to examine IPS and SPL memory effects. An alternative approach is to examine how the data cluster according to their activity patterns using clustering analyses. We used a K-means clustering approach to provide an independent test of whether memory-related HGP functional responses exhibit anatomical dissociations. With K = 2, we assigned cluster 1 (CL1) as the IPS cluster and cluster 2 (CL2) as the SPL cluster. This analysis yielded substantial overlap between the resulting cluster groupings and the anatomical channel labels (number of overlapping labels/total labels: stimulus-locked 51/71, response-locked 52/71; Fig. 2A ). Moreover, the average certainty for cluster membership (distance to the cluster decision boundary; see Materials and Methods) was higher for correctly labeled channels (coincident cluster grouping to anatomical label) than incorrectly labeled channels (stimulus-locked: M correct = 0.11, M incorrect = 0.05, t (69) = 2.76 < 0.01; response-locked: M correct = 0.10, M incorrect = 0.06, t (69) = 2.04, P = 0.05).
Next, we formed a unified cluster representation by first selecting channels that had high cluster membership: ≥1 SD away from the decision boundary ( Fig. 2A , Right; stimulus-locked: 8 for CL1, 9 for CL2; response-locked: 14 for CL1, 5 for CL2). The selected channels can be thought as having high-confidence membership in a given cluster. Again, the resulting clusters strongly coincided with left IPS (CL1) and SPL (CL2) (Fig. 2B ). Channels showing high cluster membership for both clustering analyses (stimulus-and response-locked) were merged, yielding 15 electrodes in CL1 and 10 in CL2.
Critically, the memory-related effects on HGP in CL1 and CL2 replicated those observed using anatomy-based groupings ( Fig. 2C and Figs. S8 and S9). Importantly, the two resulting unified clusters did not contain overlapping electrodes (Fig. 2B ), and each participant was represented in both merged clusters (CL1: S1 = 2, S2 = 4, S3 = 1, S4 = 7, S5 = 1; CL2: S1 = 2, S3 = 2, S4 = 4, S5 = 2). Fig. 2C shows the HGP time courses for the merged clusters. Figs. S8 and S9 show the HGP time courses for the separate clusters using K-means on the stimulus-locked and on the response-locked data, respectively. The key observation here is that the obtained stimulus-locked and response-locked channel clusters are consistent with the anatomically based electrode groupings.
Our decision to use K = 2 for the cluster-based analysis was motivated by the functional neuroimaging literature, which has revealed at least two distinct memory-related BOLD responses in dorsal PPC. Note that, by using K = 2 and selecting only the channels with strong cluster membership, we effectively created a third "noise" channels cluster ( Fig. 2 A and B) . A post hoc clustering analysis using K = 3 and K = 4 was performed to investigate the possibility of functional subclusters within the regions of interest. Fig. S10 shows the results of analyzing the stimulus-locked and response-locked data with K = 3 and K = 4. All analyses yielded at least one dorsal (SPL) and one ventral (IPS) electrode cluster, coinciding with our initial choice of K = 2, and the original anatomically based groupings. No congruent subclusters emerged from these analyses.
Decoding Analyses. To assess the reliability of memory-related information contained in individual left PPC channels within our regions of interest, we examined the discriminability between Hits and CRs on a single-trial basis using HGP time bins as features. Left IPS and SPL channels both enabled above-chance decoding of Hits and CRs using stimulus-locked (IPS M = 53%, SPL M = 54%; P < 0.05) and response-locked HGP (IPS M = 53%, SPL M = 56%, P < 0.05; Fig. 3A ; see SI Text for full statistics).
Next, we pooled channels within each PPC region to form a spatiotemporal feature set for the decoder, allowing us to examine effects at the participant level. Across participants, average accuracy for stimulus-locked data from left IPS was 57% and from left SPL was 65% (P < 0.05); for the response-locked data, IPS accuracy was 57% and SPL was 70% (P < 0.05; Fig. 3B ). Finally, we pooled across both left IPS and SPL electrodes to obtain a single score of memory decoding performance for each participant. For stimulus-locked analysis, we obtained a mean classification rate of 65% (S1 = 64%, S3 = 64%, S4 = 75%, S5 = 58%; P < 0.05). For response-locked data, the mean classification rate was 69% (S1 = 71%, S3 = 56%, S4 = 71%, S5 = 78%; P < 0.05). Overall, these analyses demonstrate that memory-related information is contained at the individual channel level in IPS and SPL and, furthermore, that we can use spatiotemporal information to decode Hits vs. CRs at the participant level. 
Discussion
The present findings provide three insights into PPC temporal dynamics during memory-based decisions. First, HGP (80-180 Hz) in IPS channels was higher for correctly recognized old items (Hits) than correctly rejected novel items (CRs), starting ∼300 ms poststimulus onset. Response-locked analyses furthered revealed that HGP for Hits decayed to baseline ∼200 ms preresponse. Notably, HGP for CRs did not differ from baseline during the retrieval and decision period. Second, HGP in the SPL showed a distinct temporal profile with an inverse sign, with activity greater for CRs than Hits. Specifically, HGP for CRs was greater than for Hits early (200−300 ms poststimulus), was then similarly elevated above baseline for CRs and Hits (300−700 ms), and, finally, was greater again for CRs than Hits starting ∼700 ms poststimulus presentation and lasting until after a response was made. These differences produced a significant Time × Region interaction, even when analyzed across participants. Moreover, this functional dissociation between memory-related HGP temporal dynamics in left IPS and SPL was also detected when using a clustering procedure. Third, the separable temporal patterns of HGP for Hits and CRs in left IPS and SPL were reliable on a trial-by-trial basis, as measured by the above-chance memory decoding performance achieved by a trained multivariate pattern classifier, at both the channel and participant level. Extant fMRI data indicate that left IPS activity is greater for hits than CRs (9, 12, 42) , with IPS activity systematically tracking perceived memory strength (high-confidence hits > low-confidence hits > low-confidence CRs > high-confidence CRs) (17) . Recent lesion data also implicate IPS in subjective assessments of memory strength or signed decision confidence (22) . In particular, two patients with IPS lesions, although demonstrating intact recognition memory accuracy, recognized fewer items (hits and false alarms) with high confidence than did matched controls. By contrast, the patients' confidence in novel decisions (CRs and misses) was comparable to controls. As such, both fMRI BOLD activity in left IPS during recognition decisions and the effects of IPS lesions on decision confidence are similarly signed, with left IPS appearing to be differentially engaged/ necessary for high-confidence old responses.
Consistent with, and substantially extending, these fMRI and lesion findings, our direct electrophysiological data demonstrated greater left IPS HGP for Hits than CRs. Furthermore, HGP for CRs did not differ from baseline, which converges with the null effect of IPS lesions on memory confidence for items perceived as novel. Because the memory performance of the patients in our study was high, the patients primarily made highconfidence old and high-confidence new responses. Future studies are needed to determine whether HGP in left IPS linearly varies with perceived memory strength, as observed with BOLD fMRI.
In addition to revealing a selective HGP increase to Hits in left IPS, the present data also provide evidence about the temporal dynamics and functional role of IPS activity during recognition decisions. Functional MRI studies of two-choice perceptual decisions in humans have demonstrated that IPS activity tracks perceptual evidence strength (24, 25) . A possible explanation is that different neuronal populations accumulate evidence for each decision, such that IPS acts as a dual accumulator during two-choice perceptual decisions. In the present experiment, participants made two-choice responses about whether a test probe was old or new. From a dual-accumulator view, IPS would be predicted to show HGP during both old and new decisions. By contrast, our data revealed that IPS was selectively active for recognized old items (Hits) up to 200 ms before the response, with activity during correctly identified new probes (CRs) remaining at baseline throughout the trial. This observation is consistent with recent fMRI findings and lesion data, suggesting that IPS selectively tracks the strength of evidence that an item is old (16, 22) . Rather than supporting a dual-accumulator account of IPS function during old/new recognition, the present data suggest that IPS accumulates signed evidence toward a single bound that, when crossed, leads to an old response ∼200 ms later.
A possible explanation for the signed (single-bound) pattern of IPS activity is that participants may use a target detection decision strategy during old/new recognition, with old items as the target class. Although such a strategy is more likely when the ratio of old-to-new items is >1 (43, 44) , it is possible that it is the default decision model when making old/new judgments. Interestingly, two fMRI studies suggest that IPS activity shows a Hits > CRs pattern independent of target class [i.e., independent of whether participants selectively respond to old items or to new items (45) or selectively indicate their confidence that a test probe is old or that a test probe is new (17)]. Although this might argue against IPS activity tracking the degree of evidence that a target is present, it remains possible, perhaps even highly plausible, that the psychologically natural target when making recognition memory decisions is always oldness. If this is the case, then participants may make an old item present/absent decision, and then map the decision to whatever the response rules are in the particular context.
Our data further demonstrate that increased HGP to Hits onsets in left IPS ∼300 ms poststimulus. Extant depth electrode recordings from human MTL have shown increased activity for hits as early as 200 ms poststimulus (46, 47) . Although acrossstudy comparisons are tenuous, the relative timing of these memory effects is compatible with a feed-forward signal propagating mnemonic evidence from MTL to IPS. Future studies that obtain simultaneous measures of MTL and parietal cortex activity promise to directly advance understanding of MTL−parietal retrieval dynamics and interactions.
A qualitatively distinct memory-related effect was observed in left SPL, wherein CRs elicited greater HGP than Hits. Left SPL activity, as measured with fMRI, has been observed to be greater for CRs than Hits (14) . Moreover, recent fMRI data indicate that the left SPL regions implicated in goal-directed visual attention (30) are more active during uncertain memory decisions (11, 16, 17) . The present pattern of SPL activity appears consistent with a top-down attention account. Specifically, the early increase in SPL HGP to CRs (200−300 ms poststimulus) suggests differential attention to novel retrieval probes, which is followed by comparable attention to old and new probes during the 300-to 700-ms window during which retrieval continues to unfold. Subsequently, there was a late (∼700 ms poststimulus onset) and sustained increase in SPL HGP to CRs, suggesting that differential attention is allocated during more uncertain decisions (RTs were longer for CRs than Hits) and persists through the response.
The decoding analyses provide a multivariate lens onto the spatial and temporal dynamics of recognition memory in left PPC. We note the numerical improvements in accuracy after including channels as features in the region-level decoding (e.g., stimulus-locked SPL across channels M = 54% vs. left SPL using channels M = 65% across participants), suggesting that there is complementary information across space within regions. When pooling IPS and SPL electrodes, we obtained mean accuracies of 65% and 70% for stimulus-and response-locked data, respectively. Interestingly, Hits vs. CRs classification accuracy did not improve from the single-region analyses. One possible account of this result is that there is a common variable--mnemonic evidence--that drives the functional responses in these regions. In IPS, it takes the form of a mnemonic accumulator, and, in SPL, the absence of mnemonic evidence drives differential top-down attention to novelty and during the subsequent sustained search for mnemonic evidence. Future research with concurrent recordings from the MTL and PPC is needed to determine if IPS and SPL differentially track mnemonic evidence emerging from the MTL. An important finding from the present study is that IPS and SPL showed distinct temporal patterns of activity for the two types of retrieval cues (old and new items). Specifically, after an initial novelty response 200 ms after trial onset, SPL responded to both Hits and CRs, and then showed a greater response later in the trial to CRs. By contrast, IPS demonstrated a selective response to Hits, with HGP for CRs not deviating from baseline; the IPS increase in HGP to Hits then fell to baseline ∼200 ms before participant's response. This temporal dissociation of dorsal parietal subregions runs counter to proposals that IPS and SPL are involved in similar processes during retrieval [e.g., goal-directed attention in service of retrieval (11) ], and instead strongly favors a multiprocess functional organization in dorsal parietal cortex during memory-based decision making (14, 16) .
We primarily focused on the high-frequency content (80−180 Hz) of the cortical surface LFP due to known correlations with local population activity (39) (40) (41) and the BOLD signal (35) (36) (37) (38) . We caution, however, that the relationship between these measures across the cortex is still a subject of debate in the field (48) (49) (50) , and there also are other electrophysiological components that relate to memory. Concretely, scalp ERP analyses have demonstrated greater activity for source hits (recollected old items) over left parietal sites starting around 400 ms after cue onset (parietal old/new effect) (33) . We performed ERP analyses by region and observed similar memory-related response profiles (SI Text and Figs. S11 and S12). Channel-wise analyses did not clearly differentiate between regions, with all three subregions (IPS, SPL, AG) showing Hits > CRs in either the 400-to 500-ms or the 500-to 600-ms window. Although future research is critically needed to address the source of the parietal old/new effect, our data provide an initial suggestion that multiple sources in left lateral parietal cortex may contribute to this effect.
Low-frequency bands of the LFP over parietal cortex also have been observed to vary with recognition memory. In particular, magnetoencephalography has revealed decreased low-frequency power for CRs compared with hits over left parietal cortex (51) . We visualized possible low-frequency memory-related effects in left IPS and SPL using spectrograms to obtain finer time−frequency resolution (SI Text and Figs. S13 and S14). Corresponding analyses revealed a complex and nonmonotonic pattern of memory responses in the low-frequency ranges. Concretely, frequency bands below 30 Hz showed less power for CRs than Hits, with SPL channels showing the largest effect. This nontonal observation for low-frequency bands in ECoG data is commonly observed in the literature (52) . Future research is needed to understand why the putative delta, theta, alpha, and beta bands, measured from left dorsal PPC, are not selectively involved in memory-guided decision making.
Collectively, the present data provide new evidence for a temporal cascade of memory-related activity across left dorsal PPC subregions, revealing the multifaceted nature of parietal function during memory-guided decisions. These data document a signed relationship between memory evidence and left IPS activity during decision making, and lend support for the role of SPL-mediated top-down attention during uncertain decisions. These observations inform models of the neurobiology of remembering, with implications for broader theories of parietal contributions to goal-directed behavior.
Materials and Methods
Participants. Eight male patients (mean age = 36.9 y; Table S1) diagnosed with refractory epilepsy participated after giving voluntary, informed written consent under an approved Stanford IRB protocol. Patients were implanted with strips and/or grids of intracranial electrodes, five patients with coverage in left PPC and three with coverage in right PPC (along with other sites; only parietal electrodes are reported here). Patients were implanted for clinical purposes related to the treatment of epilepsy; electrode placement was determined solely on clinical demands. Electrodes on or near a clinically identified seizure site were excluded from all analyses, as were electrodes that were clinically determined to show pathology. Experimental Paradigm. The task protocol involved multiple rounds of study (encoding) and test (retrieval), with the exception of participant R3 (who had a single longer study−test round; see Table S1 and below). At encoding, participants made abstract/concrete decisions on a series of visually presented nouns. Participants were explicitly told that their memory for each word would be tested in the next round of the experiment. Each word was centrally presented (2.5 s), followed by a variable-duration intertrial interval (variable fixation cross; 1.5-3.5 s). Participants encoded 20 novel nouns in each study phase, and indicated their decisions by pressing one of two buttons using their right hand. Following encoding, participants rested for 1 min before starting the retrieval test. At retrieval, the 20 studied words were intermixed with 20 novel foils. Each test probe was centrally presented (1 s), followed by a maximum response period of 3.5 s. The intertrial interval randomly varied from 1.5 s to 3.5 s. For each test probe, participants could respond "high confidence old," "low confidence old," "low confidence new," or "high confidence new" by pressing one of four buttons with their right hand. Participants made few memory errors and provided few lowconfidence responses (see Table S2 ); thus, analyses were constrained to only "high confidence old" responses to studied words (hits) and "high confidence new" responses to foils (CRs). Participant R3 received a longer version of the experiment, which consisted of a single study (160 words)/test (320 words) round. Stimulus presentation and participant response recording was conducted using PsychToolBox in MATLAB.
Data Recording. Electrocorticography was recorded using a multichannel system (Tucker-Davis Technologies). Data were recorded at 3,052 samples per second, band-pass filtered from 0.5 Hz to 300 Hz, and referenced to the most electrographically silent electrode. Data for participant L5 was recorded at half the sampling rate, with subsequent processing modified to match the other participants. A photodiode sensor on the stimulus presentation screen (sampled at 24.414 kHz) enabled accurate stimulus onset markers that were offline coregistered to the ECoG data.
Preprocessing. Data were digitally filtered offline from 1 Hz to 180 Hz using a Hanning window filter of length 1,000. Notch filters were applied at 60 Hz, and its first harmonic 120 Hz, to limit line noise. Data were down-sampled to 436 samples per second, and then rereferenced to the average of 10 channels with the lowest task response score (channels deemed clinically noisy or in one of the regions of interest-i.e., IPS, SPL, and AG-were not included in the rereference signal; see SI Text for details on how the 10 rereference channels were identified). This rereferencing procedure allowed us to investigate channels in IPS, SPL, and AG, while minimizing interregion contamination and the possibility that task-related effects in channels outside PPC would influence PPC channels. The referencing scheme had little effect on the HGP measures, as we obtained the same results using a common average. However, the referencing scheme did affect ERPs and lower frequency band power analyses.
Power Analyses. Using FIR filters, channels were filtered in the frequency band of interest: high gamma (80−180 Hz). The instantaneous amplitude of each band was obtained by taking the amplitude of the analytic signal, computed through the Hilbert transform. Subsequently, the signal was squared and transformed to a decibel scale to obtain an instantaneous power measurement. For each channel, the mean signal during each trial prestimulus window (200 ms) was subtracted to obtain trial-wise baseline correction. The nonparametric Mann−Whitney U test examined between-condition differences using the average signal from nonoverlapping 100-ms time bins, per channel; the U statistic was then converted to a Z statistic for across-channel analyses. The use of this nonparametric statistic allows us to make no assumptions about the distribution on the difference of condition means. Moreover, the resulting Z score is normally distributed across participants.
Univariate Statistics. Linear models were fitted to the memory scores (Z scores converted from U scores; Hits vs. CRs) to determine the significance of observed results. The critical contrast was the Region (IPS, SPL) × Time window (10 bins for stimulus-locked, 12 bins for the response-locked) interaction. An ANOVA table was constructed based on the fitted linear model, from which the reported F statistics were obtained. The interaction (Region × Time) was subsequently unpacked when significant. To exclude the possibility of a single channel or participant driving the results, additional fixed-effects factors of Participant and Channel were included in the models.
Additionally, mixed-effects models were used to further validate the linear model results (see SI Text). In these models, we again tested the Region × Time interaction, with random effects given by Participant (intercept plus slopes of Time and Region) and Channel (intercept). Using a χ 2 statistic, the above model was evaluated against a reduced model that did not contain the interaction. Because, in this context (highly unbalanced data) the χ 2 statistic can be an unreliable estimate, we further computed the Kenward− Roger F Test approximation, which returns an F statistic with an approximate number of residual degrees of freedom. For the tests of memory effects in individual regions (IPS, SPL), the analogous mixed-effects model included a fixed-effect factor of Time, and random effects given by Participant (intercept) and Channel (intercept). Note that these models did not include a random slope term for Participant, as this set of models failed to converge when slope terms were included.
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Clustering Analyses Primary categorization of channels to regions was performed using anatomical landmarks. To validate the anatomical groupings, we also conducted an unsupervised method for grouping channels by clustering the neural responses. We constructed a channel × time bin matrix consisting of the normalized U scores of Hits vs. CRs. Clustering analyses were conducted using a K-means algorithm on this matrix, with distances computed with the square Euclidean distance metric. Clustering was replicated 100 times, each time with random initial centroids. For each channel, a distance to centroid i was returned, d ci . This was then normalized to reflect relative adjacency to cluster i using the following equation: a ci = 1 − 1=½maxðd c : Þd ci . An adjacency of 0 indicates that the channel was the most distant to that centroid; an adjacency close to 1 indicates that the channel had a similar time course to the centroid. Because we obtained the adjacency metric for each cluster, we could then compute the distance to the decision boundary as follows: d b = a c − ða c u T Þu. For K = 2, u is a unit length vector in the i = j direction.
Decoding Analyses
Each trial yielded 10 nonoverlapping 100-ms time bins (0-1,000 ms poststimulus) for stimulus-locked analyses and 10 time bins (−800-200 ms postresponse) for response-locked analyses. Time bins were used as features for a multivariate decoding analysis; data submitted to classification/decoding did not undergo any additional transformation. An L2-penalized logistic regression classifier (penalty parameter = 0.01) was used to decode the two memory conditions (Hits/CRs). Each decoding analysis was replicated 100 times (classifier code obtained from the liblinear package, www.csie.ntu.edu.tw/∼cjlin/liblinear/). In each replication, an equal number of trials for each class were randomly selected (without replacement) to conduct 10-fold cross validation. In each fold, training data were selected (with replacement/ bootstrapped, fold-specific test data excluded from sampling) such that there were an equal number of trials from each class. Probability values were assigned to each trial on the test set, corresponding to the classifier's confidence that the trial was a Hit or a CR. Prediction labels were obtained from these probability values; e.g., if the classifier probability that a given trial was a Hit was greater than 0.50, the assigned prediction label was Hit. An accuracy score was then obtained by comparing the predicted labels from the classifier to the real labels. Acrosschannel significance was computed by t tests, by comparing the mean channel accuracy against 0.50.
Additional Decoding Statistics
Across left IPS channels, we observed above-chance Hits vs. CRs decoding accuracy (stimulus: M = 53%, t (35) Pooling channels provides insight about the possible complementary spatial relationship within and across regions. Across participants, average accuracy for stimulus-locked data from left IPS was 57% and, from left SPL, was 65% (t (4) = 2.95, P = 0.04; t (3) = 5.14, P = 0.01, respectively); for the response-locked data, IPS accuracy was 57% and SPL was 70% (IPS: t (4) = 3.06, P = 0.04; SPL: t (3) = 3.53, P = 0.04). Pooling channels across regions revealed that for stimulus-locked data the mean accuracy across subjects was 65% (S1 = 64%, S3 = 64%, S4 = 75%, S5 = 58%; t (3) = 4.13, P = 0.03), whereas, for response-locked data, the mean accuracy across subjects was 69% (S1 = 71%, S3 = 56%, S4 = 71%, S5 = 78%; t (3) = 3.97, P = 0.03).
Rereferencing
Channels were rereferenced to the average of 10 channels with the lowest task response score. The task response score was computed by channel as follows: (i) epoched into event trials using the original reference (epochs: −200 ms prestimulus to 1s poststimulus); (ii) a t statistic was computed by sample for Hits vs. CRs trials (523 samples); and (iii) the absolute sum was then computed (to avoid confounds of sign and time) producing a single score per channel. Channels were then sorted by this task-responsive measure, and the 10 channels with the lowest scores were selected for rereferencing.
Subject-Level Statistics
Analyses of HGP (80-180 Hz), using fixed-effects models, are reported in Univariate Analyses for data from left PPC. To further validate these results, we recomputed the main analyses using linear mixed-effects models (see Materials and Methods), with participant as a random effect. For stimuluslocked data, the memory-related measure (Z score converted from U score: Hits vs. CRs) showed a Time × Region interaction (χ 2 ð9Þ = 52.8, P = 3.2e-8; F (9,269.58) = 2.42, P = 0.012). Both left IPS and SPL showed an effect of memory that varied across Time (IPS:χ 2 ð9Þ = 55.8, P = 8.4e-9; F (9,315) = 6.58, P = 1.3e-8; SPL: χ 2 ð9Þ = 58.7, P = 2.4e-9; F (9,306) = 6.97, P = 3.7e-9). For response-locked data, there was a significant Time × Region interaction (χ 2 ð11Þ = 32.8, P = 5.6e-4; F (11, 280 .06) = 2.14, P = 0.018). Left IPS showed effects of memory that varied across Time (IPS: χ 2 ð11Þ = 47.3, P = 1.9e-6; F (11,385) = 4.44, P = 2.6e-6). Similar to the fixed-effects model reported in Univariate Analyses, left SPL channels showed a memory effect that did not significantly vary through time (χ 2 ð11Þ = 16.3, P = 0.13; F (11,374) = 1.47, P = 0.14). Thus, the results from these mixed-effect models replicate the fixed-effects models reported in Univariate Analyses. Across-participant responses are shown in Fig. S3 , and individual participant responses are shown in Figs. S4 and S5.
Right Hemisphere Participants
Univariate Analyses reports data from the three patients with coverage on the right hemisphere. One of these patients, R3, participated in a longer and more continuous version of the task, resulting in a lower overall memory performance compared with the rest of the participants. We repeated the analyses excluding this patient, to examine whether the lower performance might have affected the critical observation that memory effects in left parietal differ from those in right parietal. When excluding R3, the stimulus-locked data demonstrated qualitative and quantitative memory patterns inline with the results in Univariate Analyses: (i) no Time × Region interaction in right PPC: F (9,198) = 1.55, P = 0.13; (ii) a Time × Hemisphere interaction: F (9,882) = 2.29, P = 0.02; and (iii) no effect of memory that varied through Time in right IPS: F (9,135) = 0.96, P = 0.47. Although right SPL did show an effect of memory through time when excluding R3 (F (9,63) = 3.39, P = 1.9e-3), no individual time window showed a significant effect of memory (ps > 0.05*). For the response-locked data, there was a significant Time × Region interaction in right PPC (F (11,242) = 1.84, P = 0.05), and no Time × Hemisphere interaction (F (11,1078) = 1.20, P = 0.28). As in the analysis with R3, there was no effect of memory that varied across Time in right SPL (F (11,77) = 1.85, P = 0.06). By contrast, there was an effect of memory in right IPS (F (11, 165) = 2.26, P = 0.01), which was due to right IPS showing a CRs > Hits pattern immediately prior and post the response (100 ms preresponse to 200 ms postresponse; P < 0.05*). Thus, whether R3 was included or excluded, the memory effects observed in left IPS and SPL were not observed in right PPC.
Angular Gyrus
Functional neuroimaging studies consistently observe that BOLD activity in left AG varies with successful recollection during episodic retrieval (5, 10, 12) . Here, we report the results of stimuluslocked and response-locked analyses for HGP from three participants with a total of 17 electrodes in left AG (Fig. S6) . For stimulus-locked data, the effect of memory varied across Time (10 bins) (F (9,144) = 2.83, P = 4.3e-3). However, no individual time window significantly differed between Hits and CRs (t (16) < 1.95, P > 0.05*; "*" indicates Bonferroni corrected). For responselocked data, the effect of memory did not vary with Time (F (11, 176) = 0.8, P = 0.64), nor was there an effect of memory at any individual time window (t (16) < 2.31, P > 0.05*). These null results should be interpreted with caution, given the relatively limited number of electrodes (and thus low statistical power), as well as the lack of a recollection-specific behavioral measure in our paradigm.
ERPs
Scalp ERPs have provided initial insights into the temporal profile of memory-related activity at electrodes over left parietal cortex (33) . Specifically, a "parietal old/new effect" is consistently observed during studies of recognition, wherein there is a greater positivity at left parietal electrodes for Hits relative to CRs from ∼400 ms to 800 ms poststimulus onset. Extensive data indicate that this effect is associated with recollection-based recognition (33) ; at present, the underlying neural source is unknown. In addition to the HGP analyses reported in Univariate Analyses, we also analyzed ERPs. We followed standard scalp ERP preprocessing procedures (within the recording constraints). Concretely, each channel was low-pass filtered at 30 Hz, using an FIR filter. Subsequent steps of epoching, baseline correction, and statistical evaluations were performed in a similar manner as the Power analyses (Materials and Methods). The across-trial and across-electrode grand averages for left IPS, SPL, and AG are shown in Fig. S11 .
Similar to other analyses, we quantified memory-related activity via a U score (Hits vs. CRs). For the stimulus-locked data from our two left parietal regions of interest, we observed a significant memory-related Region (IPS, SPL) × Time interaction (F (9,621) = 2.95, P = 1.9e-3). Subsequent analyses by Region revealed significant memory effects that varied across Time in both regions (IPS: F (9,315) = 9.91, P = 2.1e-13; SPL: F (9,306) = 8.12, P = 8.1e-11). For the response-locked data, we observed a significant effect of Region × Time (F (11, 759) = 3.22, P = 2.7e-4), and effects of memory across Time within region (IPS: F (11,385) = 9.79, P = 1.1e-15; SPL: F (11,374) = 9.49, P = 4.0e-15). Although we have data from fewer participants and electrodes, AG also showed memory-related effects that varied across Time (stimulus-locked: F (9,144) = 2.84, P = 4.2e-3; response-locked: F (9,176) = 2.05, P = 0.027). For all three regions, statistics for individual time windows are shown in Fig. S11 . It is worth highlighting that, in the stimulus-locked data from both left IPS and AG, there was a greater positivity for Hits than CRs starting at 400 ms poststimulus; left SPL demonstrated a similar effect that onset ∼100 ms later. Finally, Fig. S12 qualitatively depicts ERPs when first-averaged across channels and then participants.
Time−Frequency Analyses
Figs. S13 and S14 show the results of time−frequency analyses for left IPS and left SPL channels as described in the main text. Spectrograms (time−frequency decompositions) were obtained using the Short-Time Fourier Transform. A moving Hamming window of 436 samples (1 s), with an overlap of 427 samples (∼980 ms) was used. This resulted in an effective sampling of 48 samples per second. Center frequencies were chosen on a logarithmic scale from 1 Hz to 180 Hz, resulting in 37 total bands. The obtained data were squared to obtain power, and further scaled by the original sampling frequency and the Hamming window function to account for temporal overlap. Each band was then normalized by its average power. Finally, the signal was logtransformed to yield a decibel scale.
For the trial epochs of interest (0.2 s prestimulus to 1 s poststimulus; 1 s preresponse to 0.2 s postresponse), this resulted in 59 total time points. The prestimulus period (200 ms) was used to baseline correct each trial, and trials were then averaged by condition (Hits, CRs). Baseline correction and trial averaging was performed by channel and by frequency band. Univariate t tests were performed independently on the IPS and SPL channels. The prestimulus period was excluded from statistical analysis.
To correct for high dimensionality of the data (multiple comparisons problem), we used false discovery rate (FDR) correction on every resulting time−frequency pixel (stimulus-locked 37 × 49 = 1,813; response-locked 37 × 59 = 2,183). The resulting P value time−frequency matrix was threshold to an alpha level of 0.05.
Anatomical Localization of the Electrodes
Grids or strips of electrodes (AdTech Medical Instruments) were implanted in a participant-specific manner, as part of their clinical monitoring. All electrodes were 4 mm in diameter and spaced 10 mm apart (center to center). Preimplantation high-resolution whole-brain T1-weighted MRI scans were coregistered with postimplantation computerized axial tomography (CT) scans, as described in ref. 53 . This coregistration approach achieves a median error of 2.6 mm, comparable to coregistration methods that use photographs (54) . Cortical surfaces were obtained by manual segmentation of the T1 MRI scans (mrVista; white. stanford.edu/newlm/index.php/MrVista), allowing visualization of the electrode positions in each participant.
Using gross anatomical landmarks (14) , each electrode was localized to one of three regions of interest (ROIs) in lateral PPC: IPS, SPL, or AG. IPS electrodes were defined as localized to the medial and lateral banks of the IPS, extending from the transverse occipital sulcus to the inferior postcentral sulcus. SPL electrodes extended from the parietooccipital sulcus to the superior postcentral sulcus, and fell dorsal to the IPS. AG electrodes fell on the posterior part of the inferior parietal lobule, ventral to the IPS. Malfunctioning electrodes, or electrodes demonstrating epileptiform/seizure activity (determined postoperation), were excluded from further analysis. Importantly, the regions of interest (IPS, SPL, AG) did not coincide with any of the clinically determined seizure foci (Table S2 ). 5) . Stimuluslocked: Hit trials showed greater power than CR trials from 300 ms to 600 ms poststimulus presentation (t (4) > 2.92, P < 0.05*); response-locked: no significant individual time windows. (Bottom) SPL (n = 4). Stimulus-locked: CR trials showed greater power than Hit trials from 700 ms to 800 ms poststimulus presentation (t (3) = 6.38, P < 0.05*); response-locked: CRs > Hits in the 1,000-to 900-ms and 300-to 200-ms preresponse windows (t (3) . Cluster time courses for stimulus-locked electrode clusters (cluster 1, n = 8; cluster 2, n = 9). (Top) Cluster 1 time courses for stimulus-locked and response-locked data. Similar to the anatomical IPS grouping, cluster 1 showed Hits > CRs for stimulus-locked (ts (7) > 4.66, P < 0.05*; see figure for time windows of significance) and response-locked data (ts (7) > 4.35, P < 0.05*). (Bottom) Similar to the anatomical SPL grouping, cluster 2 showed CRs > Hits for stimulus-locked (t (8) S9 . Cluster time courses for response-locked electrode clusters (cluster 1, n = 14; cluster 2, n = 5). (Top) Cluster 1 time courses for stimulus-locked and response-locked data. Cluster 1 showed Hits > CRs for stimulus-locked (t (14) > 3.93, P < 0.05*) and response-locked data (t (14) > 3.70, P < 0.05*). Cluster 2 showed CRs > Hits for stimulus-locked (t (4) = 8.24, P < 0.05*) and response-locked data (t (4) > 6.54, P < 0.05*). Error bars indicate across-channel SEM, and black horizontal lines indicate significance at P < 0.05*. 
